In this study, Matrix Assisted Laser Desorption Ionization-Time-of-Flight (MALDI-TOF) mass spectrometry was used to identify Mycobacterium bovis from cattle and buffalo tissue isolates from the North and South regions of Brazil, grown in solid medium and previously identified by Polymerase Chain Reaction (PCR) based on Region of Difference 4 (RD4), sequencing and spoligotyping. For this purpose, the protein extraction protocol and the mass spectra reference database were optimized for the identification of 80 clinical isolates of mycobacteria. As a result of this optimization, it was possible to identify and differentiate M. bovis from other members of the Mycobacterium tuberculosis complex with 100% specificity, 90.91% sensitivity and 91.25% reliability. MALDI-TOF MS methodology described herein provides successful identification of M. bovis within bovine/bubaline clinical samples, demonstrating its usefulness for bovine tuberculosis diagnosis in the future. KEY WORDS: bovine tuberculosis, Matrix Assisted Laser Desorption Ionization-Time-of-Flight (MALDI-TOF) mass spectrometry, Mycobacterium bovis, Mycobacterium tuberculosis complex Mycobacterium bovis (M. bovis) is an intracellular bacterium, belonging to the Mycobacterium tuberculosis complex (MTC), the etiologic agent of bovine tuberculosis (TB) [20, 22, 23] .
by biochemical methods or molecular tests [9, 23, 25, 29] . In Brazil, there are no records of other species of MTC other than M. bovis infecting cattle, although infections with non-tuberculous mycobacteria have been reported in cattle [1, 16] .
Specific identification of an isolate as M. bovis can be made using Polymerase Chain Reaction (PCR) targeting the presence/ absence of RDs (Regions of Difference) [22] . Region of Difference 4 (RD4) is a ~13 kb fragment absent in M. bovis and present in the other MTC species [8, 14, 26, 28, 29] .
Microorganism identification based on mass spectrometry (MS) by MALDI-TOF (Matrix Assisted Laser Desorption Ionization-Time-of-Flight) has been integrated into the microbiology laboratory workflow due to its speed, reliability, cost-effectiveness and high yield, and has enabled efficient identification of environmental and pathogenic mycobacteria, such as those belonging to MTC [21, 30] .
MALDI-TOF MS results can be obtained faster than the time spent to obtain PCR and DNA sequencing results [17, 27] . Although the initial investments for the acquisition of the MALDI-TOF MS equipment and the database are relatively high, these investments can be recovered in a few years, due to the economy generated by the routine use of this technique, when compared to molecular methods [2, 17, 27] .
In this context, the aim of this study was to analyze a modified method for extracting proteins from M. bovis, in comparison with conventional method, and to evaluate an updated database with proper reference spectra, for identification of M. bovis in bovine/ bubaline clinical samples, cultured in solid medium.
MATERIALS AND METHODS

Samples
Eighty tissue samples from cattle (n=35) and buffalo (n=21), naturally infected with or without lesions suggestive of tuberculosis, were obtained at North (n=30) (Pará and Amazonas states) and South (n=26) (Rio Grande do Sul state) regions of Brazil, from sanitary slaughters or sanitary inspection. The tissues collected were: lymph nodes (retropharyngeal, tracheal, mesenteric, pulmonary, pre-scapular), lung, mammary, liver and spleen tissue, and the number of tissues per animal ranged from one to nine. The samples were placed in sealed plastic bags, frozen and sent under refrigeration in a thermal insulation box to the Embrapa Animal Immunology Laboratory, Campo Grande, MS, Brazil. After microbiological culture, 77 samples showed growth of colonies suggestive of M. bovis and three isolates showed morphology not compatible with M. bovis. These isolates were submitted to identification as described below. The virulent strain H37Rv of M. tuberculosis, provided by the Central Laboratory of Public Health (LACEN), Campo Grande, MS, Brazil, and the 08-08BF2 strain of M. bovis (NCBI Biosample SAMN02902642) were used as negative and positive controls for Mb400 PCR (RD4 flanking region), respectively.
Isolation of Mycobacterium bovis by microbiological culture
Tissue fragments (between 10 and 25 mg) were macerated with 1.5 ml of sterile distilled water in Magna Lyser apparatus (Roche Life Science, Penzberg, Germany), followed by decontamination by Petroff method [19, 24] and cultured in Stonebrink medium at 37°C with weekly evaluations for 90 days.
PCR, sequencing, and spoligotyping
For Mb400 PCR, primers Mb400 F (5′AACGCGACGACCTCATATTC3′) and Mb400 R (5′AAGGCGAACAGATTC AGCAT3′), flanking the RD4, were used. As RD4 is deleted in M. bovis, the Mb400 PCR results in the amplification of a fragment of 400 base pairs (bp) [29] . The Mb400 positive isolates were further genotyped by spoligotyping [15] . For characterization of the Mb400 negative isolates, the partial sequence of the hsp65 gene of Mycobacterium sp. was amplified [31] . In order to remove excess primers and unincorporated nucleotides, the products of the hsp65 PCRs were purified with the enzymes exonuclease I and shrimp alkaline phosphatase [4] , and sequenced with the BigDye Terminator cycle sequencing kit version 3.1 (Applied Biosystems, Foster City, CA, U.S.A.).
Protein extraction and MALDI-TOF analysis
In previous studies in our laboratory, a protein extraction method called MycoLyser was developed using the M. tuberculosis strain. This protocol is a modification of the recommended MycoEx method (Bruker Daltonics, Bremen, Germany) for mycobacterial protein extraction, and includes homogenization in tissue macerator rather than vortex. In a direct comparison between those two methods, MycoLyser showed higher scores and identification consistency with Biotyper TM system (Bruker Daltonics, Bremen, Germany), as well the best results regarding reliability for M. tuberculosis identification (data not shown). In view of the good results already obtained with the MycoLyser method, this was employed in this study to identify M. bovis. Protein profiles were obtained in triplicate from bacterial cultures. Briefly, the equivalent of two loops of mycobacteria was collected at 200 µl of ultrapure type I water and fully suspended using a vortex mixer. For inactivation, the bacterial suspension was incubated in a thermo-block at 95°C for 45 min, and, after cooling at room temperature, 700 µl of absolute ethanol were added. For cellular disruption, 0.5 mm diameter silica/zirconia beads were added, followed by homogenization in MagNA Lyser apparatus for three cycles of 30 sec at 5,000 rpm. The supernatant was collected and transferred to another tube, followed by centrifugation at 14,000 g for 5 min. The supernatant was discarded and the pellet incubated for three min at room temperature to dry the remaining alcohol. Then, 10 µl of formic acid and equal volume of acetonitrile were added, followed by vortexing for 15 sec and centrifugation for two min at 14,000 g. Subsequently, 1 µl of the supernatant was applied to a MTP 384 ground steel MALDI-TOF target (Bruker doi: 10.1292/jvms. Daltonics), allowed to air-dry at room temperature, and 1 µl of α-cyano-4-hydroxy-cinnamic acid (5 mg/ml) was added in a solution containing 50% acetonitrile and 2.5% trifluoroacetic acid (v/v). After drying the solvents, the crystallized mixture was analyzed using the Autoflex III Smartbeam mass spectrometer (Bruker Daltonics), at mass range of 2,000 to 20,000 Daltons and external calibration with Bacterial Test Standard (Bruker Daltonics). The mass spectra acquisition parameters used were: IS1 20 kV, IS2 18.55 kV, lens voltage 8.80 kV and ion extraction delay time of 240 nsec. Random laser shots were performed with sampling rate of 0,5GS/sec, totalizing 2,000 spectra which were summed and processed by the centroid of the peak with FlexControl 3.3 software (Bruker Daltonics), generating the raw spectrum of each isolate.
Optimization of the identification of M. bovis by MALDI Biotyper TM
The raw spectra were processed using the Bruker MALDI Biotyper TM 3.1 software, with default settings. Biotyper TM creates a list of the most significant peaks in the raw spectrum (m/z values and respective intensity, with a signal-to-noise ratio greater than 3, a minimum threshold of 0.1% of the highest peak and a maximum of 100 peaks). Thus, for identification of clinical isolates, this generated peak list containing the mass signals and their intensities was compared, by means of the Biotyper TM algorithm, with Bruker Daltonics mass spectra libraries BDAL-containing 7,311 Mass Spectra Profiles (MSP) for referenced bacteria−and Myco v.5.0−containing 912 MSP for referenced mycobacteria.
The Biotyper TM score value classification used, as proposed by the manufacturer, was: a score between 2.30 and 3.00 indicates the reliable identification of species; a score between 2.00 and 2.29 indicates reliable genus identification and probable species identification; a score between 1.70 and 1.99 indicates likely genus identification; and a score below 1.70 indicates that there is no reliable identification. Still, according to Bruker Daltonics, the reliability of high, medium or low identification can also be evaluated by the consistency of the three highest scores regarding the identification of the same species/genus. In this work, the reliability of the identification was evaluated as follows: 1) Consistency of species−in which the reliability of identification for species is high. In this case, we consider that the three highest scores should present the same result of genus and species identification; 2) Genus consistency−in which only the reliability of identification for genus is high, when the three highest scores present the same result of identification for genus; and 3) Absence of consistency for species or genus−in which there is no reliability of identification for genus or species, because the previous criteria are not met.
The MSP for M. bovis, made up with four clinical isolates from the North (n=3) and South (n=1) regions of Brazil after Mb400 PCR and spoligotyping (SB0121 and SB0822) identification, and for the M. tuberculosis H37Rv reference strain, were generated from the processing of 12 and 18 spectra replicates of each species, respectively, resulting in a consensus of the most reproducible spectrum peaks, which reflects the typical protein pattern of those microorganisms. To create the MSP peak lists of the above bacterial references, Biotyper TM was set for using 80 independent peaks with no less than 50% minimal frequency. The MSP were added to the Biotyper TM reference library, totaling 8,225 distinct MSP which were utilized to identify the 80 clinical isolates. The three highest scores found for each isolate were considered for Biotyper TM identification. Wilcoxon test was used to perform the statistics of the M. bovis identification scores with and without the inclusion of the obtained MSP to the reference database. ClinProTools v.3.0 (Bruker Daltonics) and GraphPad Prism v.8 (GraphPad Software LLC, San Diego, CA, U.S.A.) softwares were used for statistical analysis of the mass spectra and for the production of the graphs, respectively. Comparisons between MALDI-TOF MS and PCR were evaluated using Fischer's exact test.
RESULTS
Cultures of all 80 bovine and buffalo tissue samples showed bacterial growth in Stonebrink medium. In the analysis by conventional PCR using Mb400 primers flanking RD4, amplification was observed in 77 samples (96.25%). The three negative samples (3.75%) were submitted to PCR for the hsp65 gene and DNA sequencing. Two isolates of Gordonia sp. and one isolate of Mycobacterium nonchromogenicum were identified ( Table 1) .
The 77 isolates positive for RD4 flanking region were genotyped by spoligotyping, resulting in six M. bovis genotypes: SB0121 (41 isolates), SB0295 (16 isolates), SB0822 (14 isolates), SB1869 (4 isolates), SB1800 (1 isolate) and SB1608 (1 isolate).
Mass spectra were successfully acquired for all clinical isolates of M. bovis and compared to 7,311 profiles of different genera and species of bacteria (BDAL library) and 912 profiles of mycobacteria species (Myco v.5.0 library).
Since the Bruker libraries are not annotated to differentiate MTC species, the analysis of the spectra in face of the Biotyper TM spectra banks, in its latest versions available, indeed did not allow accurate classification of M. bovis for the isolates in this study. Thus, the classification of the isolates by MALDI-TOF MS, prior addition of any reference spectra from M. bovis and M. tuberculosis to Biotyper TM database, was as follows: 70 (87.50%) were classified as belonging to the M. tuberculosis complex or M. tuberculosis, with scores ranging from ≥1.75 to ≤2.31; two isolates (2.50%) were identified as Gordonia sputi, with a score of 1.61 and 1.98; one isolate (1.25%) as M. nonchromogenicum, with a score of 1.89; and seven (8.75%) isolates were not identified (scores lower than 1.59). As a conclusion, we did not achieve the identification of M. bovis in the condition of analysis with the most current reference spectra available by Biotyper TM database, suggesting that the isolates studied here could present significant profile differences in relation to the reference spectra found in Bruker spectra libraries. However clearly distinct MSP were observed between our M. bovis clinical isolates and M. tuberculosis, suggesting that these species could be distinguished by the MycoLyser methodology established here (Fig. 1) .
We then decided to generate our own reference spectrum in order to test its applicability in the identification of the M. bovis isolates studied herein. Comparison by Biotyper TM of our MycoLyser M. bovis MSP, generated with four clinical isolates, with 912 MSP for Mycobacterium species at Myco v.5.0 Bruker library showed that the most similar identified MSP are all annotated as MTC species. Also, M. bovis MSP obtained by MycoLyser method presented a relative degree of divergence to the MSP annotated as MTC species and for M. tuberculosis (H37Rv strain) MSP (Fig. 2) . The profile similarity between the MycoLyser M. bovis MSP and the eight most similar MSP found by Biotyper TM in the Bruker library may be estimated as to 40% in distance level, as depicted by the dendrogram in Fig. 2 . On the other hand, the similarity between the MycoLyser M. bovis MSP and M. tuberculosis H37Rv MSP, generated in the same conditions, was not higher than 60% in distance level.
Further analysis with ClinProTools software revealed at least two peaks that statistically could separate the M. bovis and M. tuberculosis species, as shown in Fig. 3A and 3B . According to principal component analysis (PCA), the variance of m/z 4,367 and m/z 4,784 within the spectra used for MSP generation is statistically different (Fig. 3A) , which would allow discrimination of M. bovis and M. tuberculosis at species level (Fig. 3B) . Interestingly, peak at m/z 4,367 was present in all M. bovis mass spectra and quite absent in M. tuberculosis H37Rv strain, while the opposite was observed for peak at m/z 4,784. With a ClinProTools model using the genetic algorithm and 5 highly discriminatory peaks (AUC=1.0: m/z 4,367, m/z 4,655, m/z 4,784, m/z 4,911 and m/z 6,460) we reached 100% correct classification in an external validation test, thus demonstrating the feasibility of the method for M. bovis identification. After the addition of the MycoLyser M. bovis MSP to the Biotyper TM commercial database there was a significant increase of the log score median for both cattle and buffalo isolates (P<0.0001) (Fig. 4) . The identification score values were far above 1.80, which is the Bruker Daltonics suggested cut-off for reliable mycobacteria identification at species level. Remarkably, Biotyper TM results with MycoLyser M. bovis MSP presented scores often higher than 2.30, which in turn is the usual cut-off value for reliable species level identification of common bacteria, denoting the improvement of our method for mycobacterial identification (Fig. 4) . Besides that, there was no change in MALDI-TOF MS scoring profiles for bovine isolates when stratified according to its genotypes (Fig. 5 ). Moreover, consistency analysis of the MALDI-TOF results for M. bovis identification significantly showed that 64 (92.90%) of the isolates presented consistency at species level, six (7.10%) had consistency for genus and no isolates showed no consistency.
Regarding species identification, after the inclusion of MycoLyser M. bovis MSP to the Biotyper TM library 70/80 (87.50%) of the isolates were identified by MALDI-TOF MS as M. bovis (Table 1) . Fifty-seven out of the 70 isolates positively identified as M. bovis had a MALDI-TOF score greater than 2.30, 11 isolates presented scores between 2.00 and 2.30 and only two isolates had a score lower than 2.00. With respect to the other 10 isolates, not identified as M. bovis by MALDI-TOF, two (2.50%) were identified as Gordonia sputi, with scores of 1.61 and 1.98, one (1.25%) as M. nonchromogenicum, with a score of 1.89 and seven (8.75%) isolates were not identified, presenting mass spectrum scores lower than 1.59 (Table 1 ). Mb400 PCR and MALDI-TOF methods detected three non-M. bovis isolates. These three isolates, Mb400 PCR negative, were identified by MALDI-TOF MS as Gordonia sp. and Mycobacterium nonchromogenicum, which proved to be correct after hsp65 gene sequencing. Thus, MALDI-TOF and Mb400 PCR were equally specific and 100% specificity can be ascribed for both methods. In contrast, for the 77 isolates identified as M. bovis by Mb400 PCR and spoligotyping, only 70 were positive by MALDI-TOF MS, resulting 90.91% sensitivity for the proteomic method. As all the M. bovis isolates (77) were positive in the Mb400 PCR, sensitivity of the PCR method (100%) was significantly superior than MALDI-TOF MS (P=0.0207).
DISCUSSION
In this study, the identification of M. bovis in samples of naturally infected cattle and buffalo tissues, isolated in solid medium, previously identified by conventional PCR based on the region flanking RD4 and spoligotyping, was performed using MALDI-TOF MS, including modifications to the Bruker Daltonics' MycoEx method. Once cell disruption was previously described as critical for the release of mycobacterial proteins, after the addition of the 0.5 mm diameter silica/zirconia beads, a step of homogenizing the samples was performed in MagNA Lyser apparatus [18] , and with this modification, it was possible to obtain spectra with better quality, thus confirming the efficacy of the new method of protein extraction. Also, log score median value showed a 10.00% increase upon inclusion of the MagNA Lyser step, which is significantly higher than that obtained with Bruker's MycoEx method (data not shown). Although the spectra obtained by the MycoLyser method have presented better quality, differentiation of M. bovis from other members of the MTC was only possible after M. bovis and M. tuberculosis specific reference spectra inclusion to the Biotyper TM database. After that, 87.50% of the isolates were identified as M. bovis, thus enabling M. bovis differentiation from the other MTC members. The inclusion of these spectra in the analysis resulted in the identification scores being higher than even the generic threshold of 2.30 proposed by Bruker Daltonics, above which the reliability for bacterial identification at species level is high. This result demonstrates that the methodology proposed here to identify mycobacteria allows us to use the same reliability threshold of the MALDI-TOF Biotyper TM technique commonly accepted for the identification of the great majority of bacteria.
The addition of self-referenced samples has already been described previously and has helped to improve the identification and differentiation of mycobacteria species due to the incompleteness of commercial databases [11, 17, 27] .
The genotyping by spoligotyping of the isolates studied here revealed the presence of six different M. bovis genotypes. The SB0822 genotype is atypical in Brazil, and was previously described only in France, Spain, Portugal and Colombia. Genotypes SB0121 and SB0295 have higher prevalence in Brazil, as opposed to SB1869, SB1608 and SB1800 less frequent, however, described in Argentina, Spain, Venezuela, Mexico, Portugal and France. Although genotypic diversity demonstrated here was high, it is emphasized that the identification by MALDI Biotyper TM was not influenced when isolates were subdivided by genotypes demonstrating the ability of MALDI-TOF MS to identify M. bovis of these genotypes.
With regards to the seven samples not identified in the MALDI-TOF MS (score below 1.59), this fact may be related to the poor quality of the samples, which is often a result of the sampling process, either by culture medium contamination or insufficient culture, thereby generating poor quality spectra and not allowing identification by this method [17] . Conversely, even though the PCR identified a larger number of samples as M. bovis, when compared to MALDI-TOF MS, the latter allowed the precise differentiation of MTC members from non-tuberculous mycobacteria and other actinobacteria without the need for additional methods.
In the present study, MALDI-TOF MS results were obtained on average in 45 min, four times faster than the time spent to obtain PCR-only results for Mb400 PCR (RD4 flanking region). An additional three days were required to obtain the identification by sequencing the negative samples in the same PCR, beyond different oligonucleotide primers and genomic sequencing requirement. Another advantage in the use of MS technique was the fact that it did not demand different disposable consumables and materials, such as those consumed by molecular methods. The cost savings of MALDI-TOF MS is considerable (one euro/sample) compared to other molecular methods, which can be 40 times more expensive [10, 17] .
We were unable to obtain isolates from other MTC members in addition to M. bovis and M. tuberculosis, and this was a limitation of this study. However, with the exception of M. pinnipedii, up to date, there are no reports of isolates of those MTC members in Latin America [32] . We also did not evaluate spectra of M. bovis BCG, since the scope of the study was restricted to bovine/bubaline tuberculosis. However, MALDI-TOF MS analysis for the identification of MTC isolates obtained from humans needs to be performed.
The increase of specific spectral pattern number within the databases may allow a rapid and accurate diagnosis of bovine/bubaline TB by MALDI-TOF MS in the future. Further steps to this work should include the validation of our findings using a larger sample size and the evaluation of the cost-effectiveness of a two-step procedure: MALDI-TOF MS as a high-throughput screening method for identification of M. bovis after tissue culture followed by Mb400 PCR for MALDI-TOF MS negative samples.
In conclusion, the use of the MycoLyser method associated with the expansion of the database with proper reference mass spectra resulted in the successful identification of M. bovis in bovine/bubaline clinical samples cultured in solid medium. MALDI-TOF MS provides a short-term and low-cost method for M. bovis identification and may become a useful tool for bovine tuberculosis diagnosis in the future.
